We present a technique to measure the interstitial oxygen concentration in monocrystalline silicon directly on 180 μm industrial solar wafers using an appropriate measurement setup. This avoids the material and time consuming fabrication of special thicker samples which are usually necessary for Fourier Transform Infrared Spectroscopy (FTIR) measurements on silicon. We compare the data obtained from wafer samples to results of thicker slices and use the wafer FTIR method to evaluate the impact of high temperature steps on the interstitial oxygen content of silicon wafers.
Motivation
The interstitial oxygen content [O i ] is a very important parameter for the quality of silicon crystals, both influencing the initial minority carrier lifetime as well as the light induced degradation (LID) of the resulting solar cells [1] . Usually, [O i ] is measured by Fourier Transform Infrared Spectroscopy (FTIR), which requires samples of approximately two millimeters thickness to obtain a sufficient signal to noise ratio [2] . These samples are not regularly produced during the industrial wafering process and require extra processing time and material. Measuring directly on solar wafers would be much more convenient. In this paper, we evaluate the measurement of interstitial oxygen on 180 μm silicon solar wafers using an appropriate sample preparation method and measurement setup.
Measurement setup
FTIR is a standard method in silicon photovoltaic material characterization to detect interstitial oxygen, O i , in silicon crystals [2] . The absorption due to O i , is present at a wave number of 1107 cm -1 . We use a Bruker Tensor 27 FTIR with a liquid nitrogen cooled mercury cadmium telluride detector. In order to get a good signal to noise ratio, the silicon sample needs to be approximately 1 to 3 mm thick. To avoid a scattering of the incoming and transmitted light beam at the sample surfaces, the samples are usually polish etched after sawing. The quantitative evaluation of the interstitial oxygen content is then done by comparing the sample absorption spectra to the spectra of a float-zone silicon sample of similar thickness with negligible interstitial oxygen values.
The sample preparation method we present in this paper differs from the described standard method. Industrial 180 μm Czochralski (Cz) silicon wafers are broken along the cleavage plane to obtain strips of approximately 2 mm width, corresponding to the width suggested in the ASTM Standard [2] (see sketch in Fig. 1 left) . Two to four of these neighboring strips are then stacked together and clamped into a specially designed sample holder, so that the incoming light beam hits the smooth cleavage plane of the wafers (Fig. 1 right) . A measurement through the face of stacked wafers would be difficult due to a scattering of the light beam between the wafers. The cleaved edges in turn allow a good transmission of the light through the wafer strip and do not need an extra polishing step.
It has been found that if the faces of the strips are rough due to a compromised cleaving process, the obtained FTIR signal is not satisfactory. The same is valid for cut wafer strips. Hence, the presented method cannot be applied to multicrystalline wafers without defined cleavage planes. On the other hand, silicon wafers that have been partially or fully processed to solar cells, e.g. after diffusion or passivation, can be measured with the wafer FTIR method without problems as long as the thermal treatments and possible resulting tension in the wafer do not impede an adequate cleaving procedure.
Wafer FTIR measurement results

Influence of wafer strip number and width on the obtained FTIR spectra
In order to test how the FTIR spectra depend on the wafer strip width and number, different assemblies of wafer strips were measured. Fig. 2 (left) shows a comparison of the spectra resulting from different sample sets originating from the same wafer region. It can be seen that a number of stacked wafer strips larger than two does not significantly improve the signal quality. Four stacked wafer strips (blue curve) yield a very similar result as two stacked strips (red curve). This is very convenient meaning that two strips of the wafer area of interest are enough to obtain a good measurement result. In contrast, one strip by itself does not lead to a sufficient absorption. A comparison of the red curve (two 2 mm wide strips) and the black curve (two 4 mm wide strips) shows that wider strips increase the absorbance as long as the sample is thin enough to transmit the light beam. This dependence needs to be taken into account when evaluating the spectra for a calculation of [O i ] just as it is the case with standard thicker silicon slices. Wafer strips wider than 4 mm have shown reduced transmittance and are less appropriate for FTIR measurements.
Comparison of [O i ] results of FTIR measurements on silicon wafers and slices
In order to evaluate the quality of wafer FTIR measurements, the obtained data was compared to standard FTIR measurements on silicon slices. For this purpose, 2 mm thick slices were cut from different positions along an industrial Cz silicon ingot while the rest of the crystal was cut into 180 μm thick wafers. The wafers directly next to the thick slices were then prepared for wafer FTIR. Two strips from the center area of each wafer were stacked for the measurement. In Fig. 2 (right) , the black squares show the [O i ] results obtained from standard measurement and the red circles correspond to the wafer FTIR measurement. The two data sets are in very good agreement, proving that the wafer FTIR method can well be used to obtain reliable data for the interstitial oxygen concentration in Cz silicon. Being able to measure [O i ] on wafer level is very convenient for industrial process control or development regarding Cz silicon growth.
Application example: Impact of high temperature steps on the interstitial oxygen content in Si wafers
Wafer FTIR is a good method to test on wafer or cell precursor level whether high temperature steps alter the nature of oxygen present in the silicon bulk. For demonstration purposes, we treated 180 μm thick Cz silicon wafers from the high oxygen top region of two different ingots in an oxidation furnace for 7 h at 900°C in order to provoke the growth of oxygen precipitates and bulk micro defects [3] . The occurrence of the latter depends on many crystal properties such as the concentration of silicon self-interstitials and vacancies. Fig. 3 shows spectra of wafer FTIR measurements of samples from Cz silicon ingots from supplier A (left) and supplier B (right). The black curves represent the untreated as cut state of the wafer, the red curves were obtained after thermal oxidation of neighboring wafers. The corresponding interstitial oxygen concentrations are displayed in Table 1 . The interstitial oxygen absorbance peak intensity at 1107 cm -1 of wafers by supplier A slightly decreases after oxidation. This effect is much more pronounced in the case of supplier B which already features a larger initial interstitial oxygen concentration. [O i ] is decreased to about one fifth of the original value from 11.5 10 17 at/cm³ to 2.5 10 17 at/cm³. Additionally, a characteristic oxygen precipitate peak [4] appears at 1224 cm -1 . This indicates that (i) a large fraction of the interstitial oxygen is transferred to oxygen precipitates and (ii) a sufficient number of precipitate nucleation sites is available in the crystal. The latter could be confirmed by etch pit density measurements of Cz samples from supplier B. The etch pit density was found to be much higher than in the case of supplier A. 
Conclusion
In this work we showed that wafer FTIR is an appropriate method to measure the interstitial oxygen content in industrially available silicon wafers. A special preparation of thicker silicon slices for this purpose can thus be avoided. As an example, we used the wafer FTIR method to investigate the effect of a thermal oxidation step on the interstitial oxygen content of top Cz ingot wafers. In one case were able to detect a pronounced oxygen precipitate nucleation after the high temperature anneal indicating major structural differences between the two Cz crystals investigated in this study. 
